Abstract Traditionally, the idea of transient asphyxia plus some degree of cold stimulation has been used to explain the establishment of continuous breathing at birth. This idea was nurtured by observations made in the acute fetal preparation at a time when fetal breathing was considered absent. Experimental observations made in the past two decades have challenged this traditional view. First, complete peripheral chemodenervation, essential to the hypoxic stimulus theory, did not affect fetal breathing or the establishment of continuous breathing at birth. Second, occlusion of the umbilical cord in utero, as long as some oxygenation is provided to the fetus in order to avoid fetal hypoxaemia, establishes continuous breathing in utero, in the absence of all sensorial input thought to be important for the establishment of continuous breathing. These observations led us to hypothesize the presence of a placental factor responsible for the inhibition of breathing in utero. This placental factor appears to be a peptide with a molecular mass between 3.5 and 10 kDa. This review will also explore some new observations regarding the generation of central respiratory activity in the fetus, and suggests that the rhythm generator is a neuronal network in which the unit is a pacemaker-like cell uniquely responsive to C02.
Introduction
Respiratory physiologists have long been fascinated with the control of breathing (Kellogg, 1981) . Although the literature in this area is vast in adult subjects and in animals, our knowledge is limited in the neonate, and more so in the fetus. This is likely because respiration in the neonate has only become a subject of interest to physiologists in the past 50 years, and in the fetus in the past 25 years (Rigatto, 1992) . The increased interest in fetal control of breathing coincided with the discovery of fetal breathing in the late 1960s. The peculiarity of breathing activity and its control in the fetus is that, contrary to what happens in the adult and neonate, breathing in the fetus has no gas exchange purpose. In the fetus gas exchange takes place in the placenta, which is the 'respiratory organ' of the fetus. Why nature has allocated breathing movements to the fetus while keeping gas exchange in the placenta is both puzzling and provocative.
The understanding of the elements controlling fetal breathing is nevertheless of considerable importance if one realizes that such knowledge may lead to the discovery of the mechanisms involved in the establishment of continuous breathing at birth. It may also lead us to understanding why fetal breathing is present, of its role as envisaged by nature. Numerous detailed reviews, including ours, have been published in recent years on the factors controlling fetal breathing (Jansen & Chernick, 1991a , 1991b Rigatto, 1992; Moss & Inman, 1989) . The present review does not dwell in depth on the factors elaborated previously. Instead, it will concentrate on the mechanisms involved in the transition from fetal to neonatal life, when breathing changes from intermittent to continuous. Some aspects related to the generation of breathing in general, and of fetal breathing in particular, will also be discussed. This approach is motivated by a series of experiments that suggest that (i) the inhibition of breathing in the fetus is possibly related to the release of a placental factor (Baier, Hasan, Cates, Hooper, Nowaczyk & Rigatto, 1990; Alvarez, Baier, Fajardo, Nowaczyk, Cates & Rigatto, 1992; Alvaro, Weintraub, Alvarez, Baier, Cates, Nowaczyk, Martino & Rigatto, 1992; Alvaro, deAlmeida, Al-Alaiyan, Robertson, Nowaczyk, Cates & Rigatto, 1993; Alvaro, Rehan, deAlmeida, Haider, Jansen, Robertson, Nowaczyk, Cates & Rigatto, 1994) ; and (ii) the central generation of breathing is likely dependent on a neural circuit in which the cell unit is a pacemaker with unique responsiveness to CO:! (Rigatto, Fitzgerald, Willis, Yu, 1992; .
Historical Considerations
Although the purpose of breathing, its presence and control, have been studied in adult subjects for centuries, its control in neonates has been more consistently investigated since the 1950s when Cross & Oppe (1952) and Miller & Behrle (1954) initiated studies on the responsiveness of these infants to different concentrations of oxygen and carbon dioxide. In the fetus, these studies could begin only after the discovery of fetal breathing in the late 1960s (Dawes, Fox, Leduc, Liggins & Richards, 1970; Merlet, Hoertern, Devilleneuve, Tchobroutsky, 1970; Dawes, Fox, Leduc, Liggins & Richards, 1972) . Until then, the conventional belief was that the fetus had no breathing activity in utero. There were three major reasons for this line of thinking. First, sheep fetuses delivered by Caesarean section under maternal spinal anaesthesia, and kept warm with intact umbilical cords, rarely made any breathing movements over a period of 1 h or more. Second, radio-opaque material injected into the amniotic fluid soon appeared in the intestines, but not in the fetal bronchi (Dawes, 1968) . Third, as long as the powerful views of Sir Joseph Barcroft dominated the fetal physiology arena during the first part of this century, the fetus was not to be a breathing creature, even though sporadic bursts of breathing activity had been detected in utero, a fact that Barcroft attributed to the effects of asphyxia, inherent to the acute preparation used (Barcroft, 1946) . The uterine cavity during pregnancy in the first part of this century was indeed full of secrets and little was known of fetal activity.
A very significant development in fetal physiology, which provided the necessary tools for the discovery of fetal breathing, was the instrumentation of the fetal lamb in the 1960s (Meschia, Cotter, Breathnach & Barron, 1965) , permitting physiologic observations in the unanaesthetized fetal preparation. This led to an impressive search for new physiologic information concerning the fetus.
The discovery that the fetus breathes intermittently in utero will likely remain the most important contribution to fetal physiology this century. Although of unknown purpose, since no gas exchange is involved, fetal breathing may represent preparation in utero for a vital function important in life. Shortly after its discovery, the Oxford group showed that, although fetal breathing was influenced by fetal behaviour, occurring essentially in rapid eye movement (REM) sleep, it was clearly regulated by other chemical factors, such as carbon dioxide and oxygen concentration (Boddy, Dawes, Fisher, Pinter & Robinson, 1974) . Subsequent work confirmed and expanded these findings by recording the electrical activity of the diaphragm and clearly demonstrating the central origin of the respiratory output in utero (Maloney, Adamson, Brodecky, Granage, Lambert & Ritchie, 1 9 7 5~; Ioffe, Jansen, Russell & Chernick, 1 9 8 0~; Ioffe, Jansen, Russell & Chernick, 1980b; Maloney, Bowes & Wilkinson, 1980; Rigatto, Moore & Cates, 1986) . Using ultrasound technology, breathing movements were also identified in the human fetus, being present about 40% of the time during late pregnancy, a figure similar to that in sheep (Boddy & Dawes, 1975; Dawes, Fox Leduc, Liggins & Richards, 1972; Richardson, 1 9 8 0~; Patrick, Campbell, Carmichael, Natale, & Richardson, 1980b) . Today, from this initial observation of fetal breathing activity, many other activities have been identified and intensely studied, and are now combined under the umbrella of 'biophysicial profile'. The study of fetal biophysical profile, including an assessment of fetal morphologic anomalies, has revolutionized medical care in this area (Manning, Platt & Sipos, 1980) . Fetal assessment is today one of the newest and the most informative disciplines in the field of perinatal medicine.
The discovery of fetal breathing not only stimulated the development of the area of fetal assessment but it also brought a new dimension to the events occurring at birth. What has been traditionally called 'the initiation of breathing at birth' must now be called ' 
Fetal Breathing
Fetal breathing in sheep is mostly continuous in early gestation (90-115 days) but becomes episodic in late gestation, primarily occurring during periods of low-voltage electrocortical activity (Dawes et al. 1970; Dawes et al. 1972; Dawes, 1974; Kitterman, Liggins, Clements & Tooley, 1979; Rigatto et al. 1986 ). The incidence of fetal breathing in late gestation is 40% in sheep and humans (Dawes et al. 1970; Boddy et al. 1975; Patrick et al. 1980a Patrick et al. , 1980b . During highvoltage electrocortical activity there is no established breathing present, but occasional breaths may surface after episodic, generalized, tonic muscular discharges associated with body movements (Fig. 1) (Rigatto et al. 1986) . During low-voltage electrocortical activity, breathing is irregular, the diaphragmatic EMG being characterized by an abrupt beginning and end. Less frequently there is a progressive increase in envelope amplitude, comparable to the inspiratory slope observed in the anaesthetized newborn lamb. A gradual decrease in diaphragmatic EMG at the end of a breath, reflecting postinspiratory activity, as observed in the newborn infant, is rarely seen in the fetus (Harding, Johnson, McClelland, McLeod & Whyte, 1977; Harding, Johnson & McClelland, 1980; Dawes, Gardner, Johnston &Walker, 1982; Rigatto et al. 1986 ). This irregular diaphragmatic activity generates a negative tracheal pressure of about 2 to 5 mmHg. The corresponding changes in tracheal flow are less than seen postnatally, likely owing to the higher viscosity of lung fluid in the system. The irregular breathing activity observed during REM probably reflects the influence of the reticular formation. The average breath has an inspiratory time of 0.45 s, expiratory time of 0.74 s, and a total duration of 1.12 s (Dawes et al. 1982; Rigatto, Lee, Davi, Morre, Rigatto & Cates, 1988) . The physiologic mechanism responsible for the occurrence of fetal breathing only during low-voltage electrocortical activity is unknown.
Fetal State
The occurrence of fetal breathing during low-voltage electrocortical activity has led some investigators to believe that the fetus might be awake during part of this period (Condorelli & Scarpelli, 1975a , 1975b Ruckebusch, 1972) . In fact, using electrophysiologic criteria, it was postulated that during the last part of gestation in sheep the fetus was awake about 5% of the time (Ruckebusch, 1972; Moss & Scarpelli, 1979; Ioffe et al. 1980a Ioffe et al. , 1980b . It was further postulated that a number of chemical and pharmacological agents could alter fetal breathing by 'arousing' the fetus (Ruckebusch et a1 1972; Moss & Scarpelli, 1979; Ioffe et al. 1 9 8 0~) .
In the late 1970s I became interested in determining whether the fetus was awake in utero at times, and whether arousal could be induced by chemical or pharmacological agents. We found the polysynaptic reflexes obtained from the hindlimbs of fetal sheep to be unusually intense during transition from low-to high-voltage electrocortical activity (Rigatto, Blanco & Walker, 1982) . We speculated that this might represent fetal wakefulness. We subsequently implanted a window on the left flank of the ewe to directly observe the fetus in utero (Fig. 2) (Rigatto et al. 1986; Rigatto, 1984) . The technique proved to be powerful, and has generated substantial new information. Wakefulness, defined by open eyes and increased movements of the head, was never observed in the fetus under resting conditions. Analysis of videotapes now amounting to more than 8000 h of observation over 10 years has shown clearly that the fetus alternates between two basic behavioural states, REM (mostly low-voltage ECoG) and quiet (mostly high-voltage ECoG) sleep (Rigatto et al. 1986; Rigatto, 1988) . Activities such as movement, swallowing, licking and breathing occur during REM sleep. During quiet sleep the fetus is still, and occasionally shows generalized ample movements associated with tonic discharges. The enhancement of the polysynaptic reflexes we observed previously was associated with generalized tonic discharges and rotation of the body and head during the transition from low-to high-voltage ECoG. It was not associated with wakefulness (Rigatto et al. 1986; Rigatto, 1984) . This generalized discharge is typical of the transition from low-to high-voltage ECoG. We speculate that understanding the neurophysiological basis for this intense discharge may give us the explanation of how the change from low-to high-voltage occurs. Besides the normal irregularity of the respiratory pattern seen in REM sleep, licking and swallowing clearly disturb breathing activity (Harding et al. 1977; Harding et al. 1980; Rigatto et al. 1986 ). Breathing becomes slower and irregular, the diaphrapatic activity being interspersed with clusters of oesophageal electromyographic activity. This digestive activity occurs primarily during REM sleep and is translated behaviourally and electrophysiologically as a general increase in EMG activity, blood pressure and heart rate.
Electrode Leads

Modulation of Fetal Breathing by COa and Oxygen
Initially, fetal breathing was thought by some investigators to depend on behavioral influences, because it was observed only during REM sleep and seemed somewhat refractory to chemical stimuli (Chernick, 1978) . Subsequent studies, however, clearly showed that the fetal breathing apparatus is capable of responding well to chemical stimuli and other agents known to modify breathing postnatally. Thus it became clear that the fetus responds to an increase in P,CO2 with an increase in breathing (Boddy et al. 1974; Boddy et al. 1975; Dawes et al. 1982; Jansen, Ioffe, Russell & Chernick, 1982; Moss & Scarpelli, 1979; Rigatto, 1984; Rigatto et al. 1 9 8 8~) . This increase is associated with an increase in tracheal pressure, in integrated diaphragmatic activity and in breathing frequency (Fig. 3) . Both inspiratory and expiratory times decrease, as would be expected from postnatal studies (Rigatto et al. 1 9 8 8~) . The increased breathing activity is prolonged into the transitional high-voltage ECoG but does not continue into the established high-voltage ECoG (Rigatto et al. 1 9 8 8~) . We specifically investigated whether we could establish breathing in high voltage either by raising arterial PaC02 during rebreathing or during direct administration of C02 to the fetus via an endotracheal tube (Rigatto et al. 1 9 8 8~) . Breathing activity was always abolished in established high-voltage ECoG and only when PaCO-7 was unphysiologically high (> 100 Torr), and pH low (<7.0) could breathing be initiated in high-voltage ECoG. At this level of acidosis, low pH could have been the primary stimulus, as acidosis has been shown to induce continuous breathing (Molteni, Melmed, Sheldon & Jones, 1980) . This increased breathing activity was not associated with wakefulness (Rigatto et al. 1 9 8 8~) . Administration of low oxygen to the fetus by having the ewe breathe hypoxic mixtures abolished fetal breathing; this was associated with a decrease in body movements and in the amplitude of the ECoG (Boddy et al. 1974; Clewlow, Dawes, Johnston & Walker, 1983; Koos, Sameshima & Power, 1987) . Conversely, increases in arterial PO2 to levels above 200 Torr through the administration of 100% O2 to the fetus via an endotracheal tube stimulated breathing and induced continuous breathing in 35% of the experiments in fetal sheep (Baier et al. 1990 ). These findings suggest that low partial tension of 0 2 in the fetus at rest may be a normal mechanism inhibiting breathing in utero.
There is much evidence suggesting that the actions of C 0 2 are central. The effect of hypoxia is poorly understood, but it appears to be mediated both centrally and via the peripheral chemoreceptors (Moore, Parkes, Nijhuis & Hanson, 1989; Johnston & Gluckman, 1989; Johnston & Gluckrnan, 1993) . The peripheral chemoreceptors were once thought to be inactive in utero; however, the idea that they are completely silent was probably derived from incorrect experimental evidence (Biscoe, Purves & Sampson, 1969) . Blanco et al. have clearly documented activity of the peripheral chemoreceptors in the fetal lamb, showing that they are reset at the time of delivery (Blanco, Dawes, Hanson & McCooke, 1984) . Resection of the carotid bodies does not alter fetal breathing or fetal state substantially and apparently does not alter the establishment of breathing at birth (Jansen, Ioffe, Russell & Chernick, 1981; Rigatto et al. 1988b; Moore et al. 1989) . The exact relevance of peripheral chemoreceptors in intra-uterine breathing remains undetermined.
Pulmonary Reflexes
The inflation reflex of Hering-Breuer is present in fetal life. Lung distention with saline infusion produced decreased frequency of breathing (Dawes, 1968; Maloney, Adamson, Brodecky, Dowling & Ritchie, 1975) . Section of the vagi, however, did not alter breathing pattern. Similarly, the laryngeal chemoreflex appears well developed before birth, since water (but not saline) instilled into the region of the larynx results in prompt cessation of breathing (Jansen & Chernick, 1991) . Although the reflexes can be demonstrated, their relevance to control of fetal breathing is limited. Section of the vagi does not alter breathing (Boddy et al. 1974 ) and the laryngeal reflex is not triggered by amniotic fluid in newborn lambs (Johnson, Robinson & Salisbury, 1973) .
Neurochemicals and Fetal Breathing
A comprehensive review of the effects of various neurochemical agents on fetal breathing has been published (Moss & Inman, 1989) . I will comment briefly on some of the agents we have examined more closely. Indornethacin, pilocarpine, 5-hydroxytryptophan (5-HTP) and morphine all induced continuous breathing in the fetus for a variable duration (Chernick, 1978; Kitterman et al. 1979; Brown, Lawson, Jansen, Chernick & Taeusch, 1981; Quilligan, Clewlow, Johnston & Walker, 1981; Olsen & Dawes, 1983; Rigatto, 1984; Koos, 1985 ; Hasan, Lee, Gibson, Nowaczyk, Cates, Sitar, Pinsky & Rigatto, 1988; Rigatto et al. 1988~ ). This continuous breathing classically crosses the ECoG barrier; that is, it occurs in lowand high-voltage electrocortical activity. As the response starts to fade, the high-voltage ECoG breaks in, inhibiting breathing and restricting the still intense breathing to periods of low-voltage ECoG. Once the pharmacologic effects subside, and breathing becomes normal again, the intensity of breathing activity decreases. There are two interesting facts about this prolonged breathing response to neurochemical agents. First, the fetuses in general tend not to wake except when the stimulus is morphine; and second, prolonged breathing tends to cross the high-voltage ECoG barrier. In response to morphine given during a breathing interval, the fetus becomes apnoeic and simultaneously switches from lowto high-voltage ECoG; this state is followed by a prolonged run of continuous breathing, lasting an average of about 2 h in which the fetus switches back into lowvoltage ECoG (Hasan et al. 1988; Rigatto et al. 1986 ). During the period of maximal breathing, the fetuses may open their eyes, increase body movements, and have some swallowing activity, a behaviour suggesting arousal (Hasan et al. 1988) . This is transient and accounts for only part of the breathing response to morphine. During administration of pilocarpine, we once noticed the fetus opening its eyes, but behaviourally it seemed to be in REM sleep (Rigatto, 1984) . All these pharmacologic agents produce an increase in tracheal pressure and integrated electromyography of the diaphragm (j'EMGd,) but only indomethacin, pilocarpine and morphine increase respiratory frequency. With 5-HTP, breathing was deep and slow (Rigatto, 1984) . As endogenous opiates have been hypothesized to inhibit fetal breathing, some investigators reported results in which naloxone given to the fetus produced continuous breathing, decreased the threshold for C 0 2 stimulation of breathing and possibly woke the fetus (Moss & Scarpelli, 1979 ). We could not corroborate these findings in experiments using the window technique (Rigatto, 1984) . Indeed, in dosages of naloxone equivalent to those used in other experiments (Moss & Scarpelli, 1979) , we produced seizures in the fetus, associated with intense and prolonged convulsions followed by limited periods of continuous breathing. We believe that this action is agonist and depends on the central stimulant effects of naloxone, not on its antagonism of endogenous opiates. 
Establishment of Continuous Breathing at Birth
The traditional view has been that labour and delivery produce a transient fetal asphyxia that stimulates the peripheral chemoreceptors to induce the first breath. Breathing would then be maintained through the input of other stimuli, such as cold or touch (Dawes, 1968; Harned & Ferreiro, 1973) . This view was born of experiments done some years ago in the acute exteriorized fetal preparation at a time when the fetus was assumed not to breathe in utero. More recent observations have questioned this general view. First, the denervation of the carotid and aortic chemoreceptors does not alter fetal breathing or the initiation of continuous breathing at birth (Fig. 4, 5 ) Rigatto et al. 1988b) . Second, continuous breathing can be established in utero, with manifestations of arousal, by raising fetal PO2 or occluding umbilical cord, or both (Fig. 6) (Baier et al. 1990 ). This continuous breathing in response ,to high O2 or cord occlusion is independent of a rise in P,C02, since it remains present when P,C02 is kept near-constant by ventilating the fetus with high-frequency oscillation. It is also independent of a decrease in fetal temperature which might stimulate breathing (Gluckman, Gunn & Johnston, 1983) . These observations during administration of high O2 or cord occlusion suggest that the fetus can be made to resemble a neonate in utero without the transient hypoxaemia to stimulate the peripheral chemoreceptors and without any of the sensory stimuli, such as cold for example, once thought to be important for the establishment of continuous breathing The increase in fetal arterial PO2 induces vasoconstriction of the umbilical circulation, which results in partial obstruction of the umbilical cord; occlusion of the umbilical cord obviously induces complete cessation of the umbilical circulation (Itzkovitz, LaGamma & Rudolph, 1983; Iwamoto, Teitel & Rudolph, 1987) . This led us to hypothesize that the establishment of continuous breathing might depend on a hormone or chemical mediator released by the placenta, whose concentration decreases once the umbilical cord is constricted or occluded. This mechanism seems more attractive than the conventional one, based on low 0 2 or sensory stimuli. Although it is only recently that the placenta has been seen as a source of a substance controlling fetal breathing and possibly fetal behaviour, indirect evidence for this has existed for some time. First, it has long been known that the newborn infant may be hesitant at first in establishing breathing, but breathing is accomplished promptly once the umbilical cord is clamped. Second, in our sheep laboratory, fetuses delivered at term who manifested a delay in the initiation of breathing were promptly awakened and breathed continuously following clamping of the umbilical cord (Rigatto et al. 1988b) . In fetuses already breathing spontaneously, the clamping of the cord greatly enhanced breathing. Thus, closing the link between the placenta and the fetus invariably stimulated breathing and aroused the neonate. Teleologically, it is interesting that nature has delegated to the placenta the important role of providing the fetus with gas exchange and nutrients, and it is conceivable that it may also have endowed the placenta with some form of hormonal control over fetal breathing and behaviour.
More direct evidence for a placental role has been present since Dawes (1968) and Harned & Ferreiro (1973) showed that only after clamping the umbilical cord does the newborn lamb start breathing and behaving like a neonate. More recently Adamson et a1 induced breathing in the fetus with umbilical cord occlusion and supply of O2 via an endotracheal catheter (Adamson, Richardson & Homan, 1987) . Upon release of the cord, breathing ceased immediately, before any change in blood gases or pH, suggesting that a factor from the placenta might be involved. More recently still, these investigators have shown that increased breathing followed umbilical cord occlusion in the presence of unchanged blood gas tensions and pH (Adamson, Kuiper & Olson, 1991) . In our laboratory, we were able to induce continuous breathing and wakefulness in fetal sheep by occluding the umbilical cord, as long as we provided a gas exchange area for the fetus via an endotracheal tube (Alvaro et al. 1993; Baier et al. 1990; Alvarez et al. 1992; Baier, Fajardo, Alvarez, Cates, Nowaczyk & Rigatto, 1 9 9 2~; Baier, Hasan, Cates, Hooper, Nowaczyk & Rigatto, 1992b) . Using this strategy, we have consistently transformed a fetus into a neonate in utero in the absence of any major sensorial input (Baier et al. 1990; Alvaro et al. 1992) . The response to 0 2 and cord occlusion was dependent on gestational age, being more prominent after 134 days of gestation. The response was also more frequent when ewes were in labour Hasan & Rigaux, 1991) . These experiments suggest the origin in the placenta of a compound that inhibits fetal breathing and fetal activity.
In trying to prove the hypothesis that a factor is released by the placenta, we examined the effect of a human placenta extract on breathing in lightly anaesthetized guinea-pigs (n = 7) and rabbits (n = 11). This placental extract induced a respiratory depression which in 8 animals was associated with severe bradycardia and death. Sheep placental blood injected into the carotid artery of fetuses that were breathing continuously after umbilical cord occlusion either decreased or abolished breathing. To magnify this effect we injected the fetal sheep with the whole placental extract (=juice of cotyledons acutely dissected, sliced, and immersed in Krebs solution) or its subfractions, after continuous breathing was induced by cord occlusion (Fig. 7) (Alvaro et al. 1993) . In all experiments, the whole extract decreased or abolished breathing, and this action was also found in the subfraction between 3 -5 and 10 kDa. These findings strongly suggest the presence of a placental compound in the 3.5 to 10 kDa range which inhibits breathing. This factor is unlikely to be a prostaglandin because of the latter's low molecular mass ( < l kDa), unless the prostaglandin were tagged to a larger molecule, which is not the way prostaglandins circulate. This factor appears specific to the placenta, since the breathing response is absent with extracts from other tissues such as liver, muscle or blood. It is also absent with the Krebs solution (Alvaro et al. 1994) . Preliminary evidence shows that the factor is likely a peptide, for the active extract has a molecular mass of 3 . 5 to 10 kDa, is inactivated by boiling for 20 min and is destroyed by enzymatic digestion with proteinase K (Alvaro et al. 1994) . 
Searching for the Central Respiratory Neurons
More recently, we have examined cells in the upper medulla of the fetal rat (Sprague Dawley, 18-21 days gestation) which could be responsible for the central action of C02 Rigatto et al. 1992) . We departed from the more conventional approaches and cultured dissociated neuronal cells from the areas of the nucleus ambiguus and nucleus trachus solitarius, located 2 mm rostra1 to the obex. We wanted to see whether a cell with a respiratory phenotype could be found. This cell phenotype was defined by cells having ( I ) a baseline pattern of regular beats or bursts of beats (pacemaker-like activity); and (2) responsiveness to C02 and low pH characterized by an increased burst frequency compared to baseline. We found that 20% of the cells in the area of the nucleus ambiguus and 12% in the area of nucleus trachus solitarius had pacemaker-like activity and were uniquely sensitive to small pulses (150 ms) of C02 and low pH. This pacemaker activity was characterized by regular single-beat or regular burst and (D) were identified electrophysiologically as pacemaker-like cells and responded to elevated COz and low pH with an increase in spike frequency. A neuron that did not respond to applied C 0 2 is shown in (E). The neurons in (C)-(F) were in the same culture which, after electrophysiologic analysis, was fixed and stained immunohistochemically for choline acetyltransferase (ChAT). None of the COz-sensitive cells examined for ChAT immunoreactivity were shown to be cholinergic, although a number of ChAT-immunoreactive neurons (F) were present in these cultures. x200. Bar in (E) represents 50 p m and applies to all panels.
activity (Fig. 8) . The remaining cells, either irregularly cells increased spike frequency during administration of active or silent, were equally distributed in these two 50 ms pulses of C02. They also responded to HC1 areas and did not respond, or else required very large with an increase in frequency, but the response was pulses of C 0 2 to respond (>400 ms). Pacemaker-like less pronounced than that to COz solution at similar pH (Fig. 9) .Administration of magnesium chloride (MgC12) or tetrodotoxin (TTX) abolished the resting electrical activity of the pacemaker-like cells, but their CO2 responsiveness remained, suggesting that the C 0 2 responsiveness is an intrinsic property of the cell. The response to sodium hydrosulfite (= hypoxia) consisted in an increase in spike frequency and amplitude; high oxygen tension and adenosine decreased or abolished the spontaneous electric activity of these cells. The action of low and high oxygen on the individual neuron appears to differ, at first glance, from that observed in the fetal sheep preparation. This is not the case, however, as the dissociated medullary cell preparation should functionally resemble the medullary centre in the fetus after mid-collicular section ). Indeed, it does. In both situations, low oxygen stimulates and high oxygen inhibits respiratory activity. Thus, this inhibitory response to low oxygen in intact fetus and newborn (Dawes et al. 1972; Cross & OppB, 1952; Rigatto & Brady, 1972) is not likely a direct action of low oxygen on the central medullary neurons, but may be mediated by the release of an intermediate neurotransmitter. Adenosine, for example, which inhibits the pacemaker activity and appears to mediate the response to hypoxia in vivo is a good candidate for this function (Runold, Lagercrantz, Prabaaker & Fredholm, 1989) . The morphology of the cultured neuronal population was heterogeneous and included small and large bipolar, pyramidal and multipolar cells. When stained with antibodies to neuron-specific enolase (Brenneman, Neale, Foster, d'Autremont & Westbrook, 1987) and Fragment C of tetanus toxin (Neale, Habig, Schrier, Bergey, Bowers & Koh, 1989 ) the neurons sensitive to C02 and low pH did not appear to have a distinct morphologic characteristic, but they were all multipolar (Fig. 10) . The chemosensitive neurons did not stain for choline acetyltransferase (ChAT), although other neurons in these preparations were immunoreactive to ChAT (Wang, Nelson, Fitzgerald, Hersh & Neale, 1990) . In summary, the characteristics of the pacemakerlike cells make them prime candidates for central respiratory chemoreception and it is possible that these cells may be involved in the generation of the respiratory rhythm. Further studies are now being carried out to examine the respiratory specificity and to further characterize these cells.
